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ABSTRACT
We utilize the more than 100 gravitationally-bound dense cores formed in our three-dimensional,
turbulent MHD simulations reported in Chen & Ostriker (2015) to analyze structural, kinematic, and
magnetic properties of prestellar cores. Our statistical results disagree with the classical theory of star
formation, in which cores evolve to be oblate with magnetic field parallel to the minor axes. Instead,
we find that cores are generally triaxial, although the core-scale magnetic field is still preferentially
most parallel to the core’s minor axis and most perpendicular to the major axis. The internal and ex-
ternal magnetic field directions are correlated, but the direction of integrated core angular momentum
is misaligned with the core’s magnetic field, consistent with recent observations. The ratio of rota-
tional/total kinetic and rotational/gravitational energies are independent of core size and consistent in
magnitude with observations. The specific angular momentum also follows the observed relationship
L/M ∝ R3/2, indicating rotation is acquired from ambient turbulence. With typical Erot/EK ∼ 0.1,
rotation is not the dominant motion when cores collapse.
Subject headings: magnetohydrodynamics (MHD) – stars: formation – turbulence
1. INTRODUCTION
In molecular clouds (hereafter MCs), multi-scale su-
personic flows compress material and initiate creation
of filamentary structures (Andre´ et al. 2014). Within
filaments, some of the overdense regions will shrink un-
der self-gravity to form prestellar cores and then collapse
to create protostellar systems, which later become stars
(Shu et al. 1987). Dense cores are therefore the imme-
diate precursors of at least low-mass stars or close bi-
nary systems (McKee & Ostriker 2007). Their properties
provide the initial conditions of star formation, and de-
termine the local environment of protostellar disks and
outflows.
Cores are observed in dust continuum and molecu-
lar lines. Recent results from the Herschel Gould Belt
Survey (Andre´ et al. 2010) suggest that dense cores
are mostly associated with filaments (Ko¨nyves et al.
2010; or see review in Andre´ et al. 2014). This associa-
tion is consistent with the theoretical expectation that
thermally supercritical filaments (mass-per-unit-length
M/L > 2cs
2/G; Ostriker 1964) would fragment longitu-
dinally into cores (e.g. Inutsuka & Miyama 1992, 1997).
However, in a turbulent environment like a MC, dense
filaments are not quiescent structures in which pertur-
bations slowly grow. Rather, various simulations with
turbulence have shown that filaments and cores develop
simultaneously (e.g. H. Gong & Ostriker 2011; Chen &
Ostriker 2014, 2015; Go´mez & Va´zquez-Semadeni 2014;
Van Loo et al. 2014; M. Gong & Ostriker 2015), in con-
trast to the two-step scenario, because multi-scale growth
is enabled by the non-linear perturbation generated by
turbulence.
In combination with turbulence and gas gravity, mag-
netic effects are considered one of the key agents affect-
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ing the dynamics of star formation in MCs, at all physi-
cal scales and throughout different evolutionary stages
(McKee & Ostriker 2007). At earlier stages and on
larger scales, the magnetic field can limit compression
in turbulence-generated interstellar shocks that create
dense clumps and filaments (Mestel & Spitzer 1956).
Meanwhile, the core-scale magnetic field is expected to
be important in affecting the gas dynamics within cores,
and is interconnected with the cloud-scale magnetic field.
The magnetic field within collapsing cores provides the
main channel for the gas to lose angular momentum via
“magnetic braking” during the collapse of prestellar cores
and the formation of protostellar disks (Mestel & Spitzer
1956; Gillis et al. 1974; Mouschovias 1976, 1991; see re-
view in Li et al. 2014).
In strict ideal MHD, magnetic braking can be simply
understood as the inner, faster-rotating material being
slowed down by the outer, more slowly-rotating material
because they are interconnected by magnetic field lines
(Mouschovias & Paleologou 1979, 1980). Numerical sim-
ulations also showed that the formation of rotationally
supported disks is suppressed by catastrophic magnetic
braking, unless the dense cores are weakly magnetized to
an unrealistic level (Allen et al. 2003; Hennebelle & Fro-
mang 2008; Mellon & Li 2008; Hennebelle et al. 2011).
Many solutions have been proposed to solve this prob-
lem, including non-ideal MHD effects (Krasnopolsky et
al. 2010; Li et al. 2011; Machida et al. 2011; Dapp et al.
2012; Tomida et al. 2013), turbulence-induced diffusion
(Santos-Lima et al. 2012; Seifried et al. 2012, 2013; Joos
et al. 2013), and the magnetic field-rotation misalign-
ment (Hennebelle & Ciardi 2009; Ciardi & Hennebelle
2010; Joos et al. 2012; Krumholz et al. 2013). The ini-
tial magnetic field structure and strength within prestel-
lar cores are therefore important for late evolution dur-
ing core collapse, since they control the efficiency of this
magnetic braking process.
Rotation is also important in the evolution leading to
the creation of protostellar systems within dense cores.
ar
X
iv
:1
80
8.
02
48
3v
1 
 [a
str
o-
ph
.SR
]  
7 A
ug
 20
18
2 Chen & Ostriker
The angular momentum of star-forming cores is a criti-
cal parameter in protostellar evolution, but its origin is
not well understood (see review in Li et al. 2014). It is
known that some dense cores show a clear gradient in
line-of-sight velocity, while others have a relatively ran-
dom velocity field (e.g. Goodman et al. 1993; Caselli et
al. 2002). The observed velocity gradient is commonly
used, when present, to estimate a core’s angular mo-
mentum. Observational and theoretical understanding
of core angular momentum is important as this property
is essential to subsequent evolution: whether a single star
or multiple system is formed (Tohline 2002), and whether
a large or small disk is produced (see review in Li et al.
2014).
There have been several observational projects aimed
at resolving the velocity structure within dense cores.
Linear fitting is generally applied to observed velocity
gradients across cores, regardless of the complex nature
of the velocity field. It is assumed that rigid body ro-
tation applies and that the angular speed is roughly the
gradient of line-of-sight velocity (Goodman et al. 1993).
Previous observations (Goodman et al. 1993; Caselli et
al. 2002; Pirogov et al. 2003; X. Chen et al. 2007; Tobin
et al. 2011) have found a power-law relationship between
the specific angular momentum, L/M , and radius, R, for
dense cores/clumps with radii ∼ 0.01− 1 pc, L/M ∝ Rα
with α ≈ 1.5.
The L/M − R correlation over a huge range of spa-
tial scales suggests that gas motion in cores originates
at scales much larger than the core size, or the observed
rotation-like features may arise from sampling of turbu-
lence at a range of scales (Burkert & Bodenheimer 2000).
Simulated cores from our previous work (Chen & Os-
triker 2014, 2015, hereafter CO14 and CO15) provide a
suitable database to test whether the L/M − R correla-
tion extends to even smaller scales (R ∼ 0.008–0.05 pc),
and whether the assumption of rigid body rotation is
valid in simulated cores. These questions are one focus
of the present study.
In this paper, we present our results on structural,
kinematic, and magnetic properties of simulated prestel-
lar cores formed in three-dimensional (3D) MHD simula-
tions; the simulation ingredients include convergent flow,
multi-scale turbulence, and gas self-gravity. This set of
simulations was first introduced in CO15 to investigate
the forming process of prestellar cores and how it cor-
relates with the cloud environment. We have shown in
CO15 that these cores have masses, sizes, and mass-to-
magnetic flux ratios similar to the observed ones. Here,
we extend our previous study to include analysis of the
geometry and kinematic features of cores, as well as the
relative direction of core-scale magnetic field.
The outline of this paper is as follows. We describe our
simulation models, numerical methods, and analytic al-
gorithms in Section 2. Our results on core geometry and
other structural properties are presented in Section 3,
while Section 4 focuses on the kinetic features of dense
cores. Based on these results, we discuss the origin of
core angular momentum in Section 5. Finally, Section 6
summarizes our conclusions.
2. METHOD
2.1. Numerical Simulations
The simulations we analyze here are described in
CO14, CO15 and summarized here. These isother-
mal, self-gravitating ideal-MHD simulations consider the
immediate surroundings of strongly-magnetized core-
forming regions (1 pc3) within MCs. For all simulations,
the numerical resolution is 5123, yielding cells of indi-
vidual size ∆x ≈ 0.002 pc. The model establishes super-
Alfve´nic convergent flows (powered by the cloud-scale su-
personic turbulence) compressing diffuse, turbulent gas
to form denser, star-forming clumps in post-shock re-
gions (see e.g. Figure 1). The idealized setup of a local
converging turbulent flow gives us better control of the
post-shock environment based on the simulation initial
conditions as discussed in CO14, CO15, and Chen et
al. (2017), which is crucial for analyzing the connection
between the properties of prestellar cores and the envi-
ronment they formed within.
The main model parameters (inflow Mach number
M0 ≡ v0,z/cs and background magnetic field strength
B0) are listed in Table 1. For all simulations, we ini-
tialize the background magnetic field in the x − z plane
with an angle 20◦ with respect to the converging flow
along ±zˆ. We consider two sets of parameters (M5, M10,
M20 for varying M0 and B5, B10, B20 for varying B0,
where M10 and B10 are the same model), which gen-
erates a range of core-forming environment and density
structures in the post-shock region (Figure 1; also see
Figure 3 of CO15). The post-shock conditions are deter-
mined by a combination of many mechanisms including
the jump conditions of oblique MHD shocks (see CO14
and CO15) and the dynamics of secondary convergent
flow (Chen et al. 2017).
Though we list the averaged post-shock plasma beta
βps ≡ 8piρpscs2/Bps2 and Alfve´n Mach numberMA,ps ≡
vps/vA,ps = vps ·
√
4piρps/Bps for each simulation model
in Table 1, we note that one should not treat the post-
shock environment using one single value of these pa-
rameters. This is especially true for those conditions
that generate a dense sub-layer at the mid-plane of
the post-shock region. Figure 1 shows the density (in
log cm−3) and magnetic field directions (white streak-
lines) in slices cut through the center of each simulation
box at y = 0.5 pc. The large-scale converging flow is
along the z axis. A dense, thin sub-layer can be clearly
seen in models B20 and M5 but not in models B5 and
M20, which generally agrees with the prediction in Chen
et al. (2017). This cannot be derived from the averaged
post-shock conditions (βps andMA,ps) listed in Table 1.
As discussed in Chen et al. (2017), this sub-layer is cre-
ated by supersonic secondary convergent flows and thus
is relatively stagnant, which means dense clumps within
it will undergo a more quiescent process to form prestel-
lar cores. Roughly speaking, we expect the core-forming
environment created in models B20 and M5 to be more
dominated by the magnetic field, while gas turbulence
plays a more critical role during core formation in mod-
els B5 and M20. We therefore rearrange the order of the
models to group B20 and M5 as well as B5 and M20 in
our following analysis and plots.
For each set of model parameters, we run 6 simulations
with different realizations of the input turbulence. At
the time the most evolved core collapses (when nmax ≥
107 cm−3), we identify gravitationally bound cores as
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Fig. 1.— The density (colormap) and magnetic field (white streaklines) in slices cut through the center of the simulation box at y = 0.5 pc,
for each model considered in this study. The central sub-layer, which is a consequence of secondary convergent flow (see Chen et al. 2017),
can be clearly seen for models B20 and M5 (bottom-left and top-right panels), while in models B5 and M20 (top-left and bottom-right
panels) the entire post-shock layers remain homogeneous.
regions with Egrav + Ethermal + Emag < 0 (see CO14,
CO15 and below for details). This yields a total of 186
well-resolved self-gravitating cores within the post-shock
layer.
2.2. Measuring Core Properties
For each simulation, we apply the GRID core-finding
method to identify dense cores using the largest closed
gravitational potential contours around single local po-
tential minimums. The original GRID core-finding rou-
tine is developed and discussed in H. Gong & Ostriker
(2011), while the MHD extension (to include measure-
ment of cores’ mass-to-magnetic flux ratios) is imple-
mented by and adopted in CO14 and CO15. Here, we
further update the GRID core-finding method with an-
gular momentum evaluation as well as derivation of ro-
tational and turbulent energies. In this study, we also
investigate the geometry of dense cores by applying the
principal component analysis (PCA) to define the three
axes of the core (a, b, and c from longest to shortest),
and to calculate the aspect ratios (see e.g. H. Gong &
Ostriker 2011; M. Gong & Ostriker 2015). Note that,
similar to our previous studies (CO14, CO15), identified
cores with less than 27 cells are not considered in the
analysis. Figure 2 is a sample map showing the simu-
lated gas structure (in column density integrated along
z) and examples of identified cores from the GRID core-
finding method.
2.3. Core Angular Momentum
For each core, it is straightforward to define and cal-
culate the net angular momentum L by integrating the
relative angular momentum of each cell with respect to
the center of mass over the whole volume:
L =
∑
i
ρi∆V · (ri − rCM)× vi (1)
(∆V = ∆x3 is the volume of a single simulation cell).
This vector, together with the coordinate of the center
of mass, determines the principal rotational axis for this
core, Lˆ = L/L; here L = |L| is the magnitude of the
net angular momentum of the core. The total rotational
inertia of the core around this rotational axis can be de-
rived by firstly determining the projected radius for each
cell:
ri,⊥ = (ri − rCM)−
[
(ri − rCM) · Lˆ
]
Lˆ (2)
and then integrating over the whole volume:
I ≡
∑
i
ρi∆V · |ri,⊥|2 (3)
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Fig. 2.— Sample map from one of the core-forming simulations
considered in this study, from model B5 and realization 1. While
the GRID core-finding routine defines cores in 3D space, here we
show the projection of identified cores along the z-direction, over-
lapped on integrated column density of the gas (colormap) and
density-weighted mean magnetic field (grey streaklines). Both
gravitationally unbound (yellow contours) and bound (red con-
tours) cores are shown in this map; however we only consider grav-
itationally bound cores in this study.
The mean angular velocity Ω and the net rotational en-
ergy Erot of the core are
Ω ≡ L/I, (4)
Erot ≡ 1
2
IΩ2. (5)
To compute the turbulent energy within cores under
the assumption of rigid-body rotation, we must first cal-
culate the velocity from rotation for each cell:
vrot,i = ri,⊥Ω
(
Lˆ× rˆi,⊥
)
. (6)
The turbulent energy of the core under the assumption
of rigid-body rotation is then
Eturb =
1
2
∑
i
ρi∆V · (vi − vrot,i)2 . (7)
The total kinetic energy is therefore defined as Etotal ≡
Erot + Eturb.
2.4. The Ring-fit of Core Rotation
The simple assumption of rigid-body rotation adopted
in Equations (6) and (7) is not always true. Here we
consider a different approach of measuring the core’s ro-
tational motion by binning the core into several “rings”
and allowing individual rings to have different rotational
speed.
The principal rotational axis given by Lˆ and rCM
defines a cylindrical coordinate system for the core:
(ri,⊥, hi), where the “height” can be calculated as
hi = (ri − rCM) · Lˆ. (8)
We bin the cells by ri,⊥ and hi to define local rings within
the core; each ring is chosen to be 3-cell-wide in both
radius and height. Similar to the cell-number require-
ment we applied to cores, if there are fewer than 27 cells
assigned to a ring, that ring is not included in follow-up
calculations. We also exclude cores with less than 4 rings
(2 in both r and h directions) to improve the statistics.
For each ring (r, h), we calculate the net angular mo-
mentum (through its center of mass) Lring(r, h), the
rotational inertia Iring(r, h), the mean angular velocity
Ωring(r, h), and the rotational energy Erot,ring(r, h) in
the same way as Equations (1)-(5). The ring-fit mean
angular velocity for a core is then defined as the inertia-
weighted average among Ωring(r, h):
Ωring =
∑
(r,h)
Iring(r, h) · Ωring(r, h)∑
(r,h)
Iring(r, h)
. (9)
The total rotational energy derived from the ring fit is
Erot,ring =
∑
(r,h)
Erot,ring(r, h). (10)
where Erot,ring(r, h) = (1/2)Iring(r, h)Ωring(r, h)
2. The
turbulent energy from the ring fit Eturb,ring is obtained by
following Equations (6) and (7), but with Ωring(ri,⊥, hi)
instead of Ω and Lˆring(ri,⊥, hi) instead of Lˆ in Equa-
tion (6). The total kinetic energy from the ring fit is
Etotal,ring ≡ Erot,ring + Eturb,ring. By comparing the ra-
tios Eturb/Etotal and Erot/Etotal to Eturb,ring/Etotal,ring
and Erot,ring/Etotal,ring, we can infer whether rigid-body
rotation is a good approximation for our simulated cores
(see Section 4.2).
Note that, because of the selection criteria, the number
of cores for which we performed this ring-fit and energy
analysis is less than the number of cores considered in the
rigid-body rotation analysis discussed in Section 2.2 (see
Tables 1 and 2). Also, the number of cells considered in
each ring-fit might be less than the total number of cells
within a core, which makes it inappropriate to directly
compare the absolute values of Erot and Erot,ring, Eturb
and Eturb,ring, or Etotal and Etotal,ring. We therefore use
the relative values, Erot/Etotal and Erot,ring/Etotal,ring
when cross-comparing these two fitting methods (see Ta-
ble 2).
3. CORE GEOMETRY AND PHYSICAL
PROPERTIES
Table 1 summarizes the physical properties measured
from simulated cores. Below we discuss the orientation
(Section 3.1), geometry (Section 3.2) and the relative ori-
entation of the magnetic field (Section 3.3) among these
cores and between different models. Kinematic features
related to the core’s angular momentum are discussed in
Section 4. For reference, we note that (1) zˆ is the direc-
tion of converging flow and the “small” dimension for the
post-shock layer within which; (2) xˆ is the primary di-
rection of the magnetic field in the post-shock layer (see
Figure 1); (3) the filaments within which cores form are
in the xˆ-yˆ plane (see Figure 2 and CO15).
3.1. Core Orientation
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TABLE 1
Properties of identified cores.†
Model M0 B0 βps? MA,ps? # Cores b/a‡ c/a‡ c/b‡ ][B, a]¶ ][B, c]¶ L/M ][L, a]¶ ][L, c]¶ ][B,L]¶
(µG) considered§ (◦) (◦) (10−4 pc·km/s) (◦) (◦) (◦)
M5 5 10 0.25 0.78 32 0.61 0.28 0.49 80 18 5.26 77 38 44
B20 10 20 0.08 0.98 55 0.63 0.30 0.48 81 16 4.38 65 47 51
M10B10 10 10 0.16 0.81 28 0.54 0.27 0.57 75 27 5.71 67 51 49
B5 10 5 0.35 0.86 43 0.58 0.41 0.70 70 42 5.56 77 41 45
M20 20 10 0.09 0.84 28 0.57 0.33 0.61 79 32 6.77 75 52 59
†Columns (7)−(15) are median values over all cores for each parameter set (6 simulation runs).
?The post-shock Alfve´n Mach number is calculated at t = 0.2 Myr in each model, averaged over the whole post-shock layer; see CO15.
‡a, b, and c are the three axis lengths (from longest to shortest) of each core. Note that 11 “cores” identified are actually gravitationally bound
“filaments” with aspect ratio b/a < 0.2, which have already been removed from the core analysis.
¶Notation ][µ, ν] represents the relative angle between vectors/axes µ and ν, which by definition is within the range of 0 and 90 degrees.
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Fig. 3.— Scatter plots of |ax/a| vs. |ay/a| (the relative x- and y-component of the major axis a, left), |cx/c| vs. |cz/c| (the relative x-
and z- component of the minor axis c, middle), and |Bx/Btot| vs. |Bz/Btot| (right), showing that most of the cores have major axes in
the x − y plane, minor axes in the x − z plane, and mean magnetic field in the x − z plane. Only models with strong turbulence in the
post-shock region (i.e. without the stagnant sub-layer; models B5, M20) can form cores with large |az/a| and |cy/c|. Also note that cores
formed in these models (B5 and M20) have the largest ratios |Bx/Btot|, while cores formed within the stagnant sub-layers tend to have
higher |Bz/Btot|.
For each core there are three PCA-defined axes/radii
a, b, and c (from longest to shortest), and we can mea-
sure their directions by calculating the relative values of
their x-, y-, and z-components, denoted as |ax/a|, |ay/a|,
|az/a|, and so on. Figure 3 depicts the direction of the
major and minor axes of all cores by showing the scat-
ter plots of |ax/a| vs. |ay/a| (left) and |cx/c| vs. |cz/c|
(middle); also shown is the scatter plot of |Bx/Btot| vs.
|Bz/Btot|, the normalized x- and z-components of the
average magnetic field within individual cores. We find
that most cores have their major axes lying in the x− y
plane of the simulation box (|ax/a|2 + |ay/a|2 ≈ 1), with
minor axes in the x−z plane (|cx/c|2+|cz/c|2 ≈ 1). Only
cores formed in the more turbulent environment (models
B5 and M20) can have relatively large values of |az/a|
or |cy/c| (|ax/a|2 + |ay/a|2 < 1 or |cx/c|2 + |cz/c|2 < 1).
The result that the major axis lies in the x − y plane is
not surprising as the converging flow along zˆ creates a
dense post-shock layer, within which filaments and then
cores form, in the x− y plane. Especially in the case of
core formation in a stagnant sub-layer, it is reasonable to
expect the major axis to be perpendicular to the inflow
direction. Furthermore, since it is difficult to compress
the magnetic field (which is roughly in the x-direction in
the post-shock region) in the y-direction, minor axes are
likely to lie in the x− z plane.
Similarly, the right panel of Figure 3 shows that core-
scale magnetic field tends to lie in the x − z plane,
with (Bx
2 + Bz
2)/Btot
2 ≈ 1. More importantly, there
is a systematic variation of the magnetic field direc-
tion between different models, from preferably along z
(|Bz/Btot| ≈ 1) for models M5 and B20, to preferably
along x (models B5 and M20). This result is consistent
with the magnetic field direction in the post-shock re-
gion; for oblique MHD shocks propagating along z, the
direction of post-shock magnetic field B′ has direction
B′x/B
′
z = rBB0,x/B0,z relative to the pre-shock mag-
netic field B0 (see Equation (7) in Chen et al. 2017),
where rB is the compression ratio of Bx. For strong
shocks, rB ∼ v0/vAx0 (see derivations in CO14), which
means B′x/B
′
z ∝ v0/(B0,xB0,z) ∝ v0/B02. Models with
weaker inflow Mach number (M5) or stronger pre-shock
magnetic field (B20) therefore have post-shock magnetic
field better aligned along z, while models with stronger
inflow Mach number (M20) or weaker pre-shock magnetic
field (B5) tend to have post-shock magnetic field almost
parallel to x-direction. This suggests that, regardless the
presence of the stagnant sub-layer, cores barely alter the
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Fig. 4.— The c/a vs. b/a scatter plot (top) and the histogram of
c/b (bottom) of dense cores formed from various simulation models.
Cores are in general triaxial, and somewhat closer to prolate than
oblate. Models with strong turbulence/weak magnetization (M20
and B5) seem to have more prolate cores (c ∼ b), and models with
weak turbulence/strong magnetization (M5 and B20) seem to have
more triaxial cores (b > c).
magnetic field structure before they reach the collapse
stage.
3.2. Aspect Ratio
The three PCA-defined axis lengths a, b, and c yield
three distinct aspect ratios, which provide a measure-
ment of how spherical a core is. The ratio c/b indicates
whether a core is more prolate (c/b ∼ 1), while the ratio
b/a ∼ 1 indicates an oblate core. Cores with c/b < 1 and
b/a < 1 are triaxial. The median values of these ratios
of each simulation model are listed in Table 1. Note that
“cores” with b/a < 0.2 (i.e. the major axis is at least
5 times longer than the other two axes) are considered
elongated filaments and are not included in this study.
Figure 4 shows a scatter plot (c/a vs. b/a; top panel)
and a histogram (c/b; bottom panel) of the ratios be-
tween the three axis lengths of simulated cores. Looking
at the top panel of Figure 4, these cores have a wide
range of axis ratios, and in general fall within the “triax-
ial” regime. Among cores from different models, models
with stronger turbulence (M20) or weaker magnetization
(B5) seem to have more prolate cores (closer to the diag-
onal b = c), while models with weaker turbulence (M5)
or stronger magnetization (B20) tend to have low c/a
(< 0.5) and are more triaxial. This tendency can also be
clearly observed in the bottom panel of Figure 4, where
the median value of c/b shifts from ∼ 0.5 for models M5
and B20, to ∼ 0.6 for models M10B10 and M20, to ∼ 0.7
for model B5.
We argue that this difference in aspect ratios of dense
cores is caused by the existence of a stagnant sub-layer in
some environments. As we have shown in Figure 3, cores
formed within the stagnant sub-layers (models M5 and
B20) tend to have their minor axes c along zˆ, because the
stagnant sub-layers put limits on the core growth along
the z direction by its thickness (see Figure 1). In this
situation core formation is roughly two-dimensional in
the x−y plane, within the sub-layer. On the other hand,
in the situation without the presence of a stagnant sub-
layer, local turbulence and the post-shock gas flow (which
roughly follows the post-shock magnetic field direction
on th x − z plane; see discussion in Chen et al. 2017)
will lead to a more perturbed core-forming process even
though the magnetic pressure is dominant in the post-
shock region. We note that our simulated cores typically
have b/a ∼ 0.6 and c/a ∼ 0.3 (see Table 1), inconsistent
with the classical picture, in which cores are expected
to be oblate (a ∼ b  c) in strongly-magnetized regions
(like the post-shock regions of our simulations).
Interestingly, the aspect ratio of dense cores does not
seem to be strongly affected by the magnetization of the
cores themselves. Figure 5 shows the scatter plots of the
three aspect ratios b/a (top panels), c/a (middle pan-
els), and c/b (bottom panels) as functions of core mass
(left panels) and normalized mass-to-magnetic flux ratio
Γ (right panels). The distributions of all three aspect
ratios seem totally random with respect to Γ. This sug-
gests that the magnetization level within cores is not a
dominant factor controlling core geometry, at least at
the evolutionary stage we measure. In contrast, there is
a tendency for more massive cores to have smaller c/a
and c/b, and for less massive cores to be more prolate
(c ∼ b). In detail, we find that while the overall core vol-
ume increases ∝ M3/2 (due to the M ∝ R2 correlation
discussed in CO15), the range of a exceeds the range of
c (and d log a/d logM > d log c/d logM at the high-mass
end). Therefore, this may simply reflect the fact that the
most massive cores have larger a.
3.3. Magnetic Field Orientation
It is interesting to investigate possible alignment be-
tween the magnetic field and core geometry. Figure 6
shows the histograms of the angle between the mean
magnetic field within the core and its major (top panel)
and minor (bottom panel) axes. These distributions
show that cores have preferential alignments with respect
to the local magnetic field, with minor axes preferenti lly
more parallel to the field and major axes preferentially
more perpendicular to the field. This is especially true
in models with stronger pre-shock magnetic field (B20)
or weaker pre-shock inflow Mach number (M5), which
results in a less-perturbed post-shock environment, in-
cluding the stagnant sub-layer, in which the cores form.
However, we note that even though the longest axis is
preferentially perpendicular to the magnetic field, cores
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Fig. 5.— The three aspect ratios b/a (top panels), c/a (middle panels), and c/b (bottom panels) as functions of the core mass (left) and
normalized mass-to-magnetic flux ratio Γ (right), for all cores formed in various simulation models. The core mass is somewhat correlated
with core shape, in that lower-mass cores tend to be more prolate (c ∼ b) than higher-mass cores. On the other hand, magnetization
(as measured by the mass-to-flux ratio relative to the critical value) seems to have little correlation with core geometry, and in particular
there is no indication that strongly-magnetized cores (low Γ) tend to be oblate with b ∼ a, as would be true in the classical picture of star
formation.
are not strictly oblate (a ∼ b), as would be expected for
the very strongly magnetized case based on the classical
picture of star formation. Also, there is no evidence that
more oblate cores have short axes better aligned with
the magnetic field, as would be expected in the classi-
cal picture. On the other hand, only in models without
the stagnant sub-layers in the post-shock regions (highly
turbulent (M20) or weakly magnetized (B5) models) do
we find magnetic fields almost perpendicular to the core
minor axes (large ][B, c]), because the strong velocity
turbulence can interfere the process of anisotropic con-
densation along magnetic field lines. However, we cau-
tion that cores tend to be more prolate (b ∼ c) in these
models (see Figure 4), and therefore the direction of c
itself is less significant in this situation.
4. KINEMATIC FEATURES
4.1. Integrated Angular Momentum and Rotational
Energy
The median values of angular velocity Ω and rota-
tional energy Erot calculated from the integrated angu-
lar momentum L (see Section 2.2) are listed in Table 2.
Also listed are the turbulent energy Eturb derived us-
ing Equation 7, and the resulting rotational energy ra-
tio Erot/Etotal. In all models, Erot/Eturb ∼ 0.1, and
Erot/Etotal ∼ 0.01 − 0.1. This suggests that rotation
is not the dominant motion within prestellar cores. We
discuss this further in Section 5.
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TABLE 2
Kinetic features of identified cores.†
Model # Cores EK
? Ω Erot? Eturb
? Erot/ Ωring Erot,ring/
considered§ /10−3 (km/s/pc) /10−4 /10−3 Etotal‡ (km/s/pc) Etotal,ring‡
M5 29 7.92 2.17 2.97 7.31 6.4 % 2.72 7.8 %
B20 46 8.45 3.86 3.46 8.35 4.8 % 5.54 11.2 %
M10B10 25 8.67 4.13 4.54 7.91 5.3 % 5.23 11.7 %
B5 33 4.86 6.09 4.72 3.88 8.9 % 8.14 14.0 %
M20 22 5.47 8.21 5.07 4.91 6.8 % 15.26 12.1 %
†Columns (3)−(9) are median values over all cores for each parameter set (6 simulation runs).
§From cores considered in Table 1, only those with enough cells for ring fit (see Section 2.4) are
considered here.
?The unit for energy here is M· (km/s)2.
‡ Here, Etotal ≡ Erot+Eturb, which is not necessary equal to EK ≡ ∆V
∑
ρivi
2/2; see Equation (7).
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Fig. 6.— Histogram of relative orientations between the mean
magnetic field and the major (a, top) and minor (c, bottom) axes
of the core. It is clear that the magnetic field preferably aligns
perpendicular to the major axis and parallel to the minor axis,
especially in models with stronger magnetization (B20) or weaker
turbulence (M5). The alignment becomes weaker when the cloud
is more perturbed (model M20) or weakly magnetized (model B5).
4.1.1. The Specific Angular Momentum and Core
Geometry
As discussed in Section 2.2, the net angular momen-
tum of a core, L, can be directly calculated by integrating
through the core. When considering the magnitude of a
dense core’s angular momentum, it is more common to
adopt the specific angular momentum (the angular mo-
mentum per unit mass), L/M , than the net angular mo-
mentum itself (e.g. Goodman et al. 1993). Figure 7 shows
the scatter plots of the aspect ratios b/a (top panel) and
c/a (bottom panel) versus the specific angular momen-
tum. In general, both aspect ratios decrease with in-
creasing L/M ; this can be interpreted as faster-rotating
cores being more elongated. This is opposite to the naive
expectation in which faster-rotating cores are more flat-
tened/oblate (c/a  1, b/a ∼ 1), similar to the case
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Fig. 7.— Scatter plots of the aspect ratios b/a (top) and c/a (bot-
tom) versus the specific angular momentum L/M . Cores tend to
be more elongated (lower c/a and b/a) with higher L/M , regardless
the formation environment (different simulation models).
for more rapidly rotating stars or planets. However, if
we consider the definition of the net, integrated angular
momentum (see Equation (1)), Figure 7 may simply re-
flect the fact that ∆Li ∝ (ri − rCM) (for given density
and velocity). More specifically, for cores with similar
mass, volume, and angular velocity, those with shapes
more prolate will have larger angular momentum. This
is one example of the potential risks of using the inte-
grated angular momentum as the measurement of core
rotation, because this value can be easily affected by the
core geometry.
4.1.2. Relative Orientation of the Angular Momentum
Similar to Figure 6, Figure 8 shows the histogram of
the relative lignment of the integrated angular momen-
tum L with respect to the core’s major (top) and minor
(bottom) axes. Though the core’s net angular momentum
direction appears to be perpendicular to its major axis
a, it seems to have no correlation with the minor axis
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Fig. 8.— The histogram of the relative angle between the net,
integrated angular momentum L of the core and its major (top)
and minor (bottom) axes. The rotational axis defined by Lˆ tends
to align perpendicular to the major axis, regardless the simulation
models, but has no preferred direction with respect to the minor
axis.
c. This again is inconsistent with the naive expectation
for a rotating oblate spheroid. We discuss this further in
Section 5.
4.1.3. Rotation-Magnetic Field Misalignment
In classical theory, the rotational axis is expected to
be aligned with the magnetic axis of cores because mag-
netic braking is faster in perpendicular compared to par-
allel configurations (Mouschovias 1979; Mouschovias &
Paleologou 1979). One of the most important break-
throughs in recent observations of magnetic field mor-
phology within dense cores is that the magnetic field may
not be aligned with the rotational axis as in classical the-
ory (Hull et al. 2013, 2014). Our simulated cores provide
the proper database for examining the rotation-magnetic
field alignment in prestellar cores that are formed from
a turbulent medium. Figure 9 illustrates the histogram
(or the probability distribution function, PDF, top) and
the cumulative distribution function (CDF; bottom) of
the relative angles between B and L for all cores formed
in our simulations. Though the PDF of each model show
variations across [0◦, 90◦] and peak at different angles for
different models, the CDF of all cores from various mod-
els combined appears to be a relatively straight line (ran-
dom distribution) between [0◦, 90◦]. This agrees with the
TADPOL result (Hull et al. 2013, 2014), which is shown
in the bottom panel of Figure 9 as a step function, and
suggests that there is no preferred orientation of core’s
angular momentum with respect to its magnetic field.
Though this picture differs from the classical model in
which the rotational axis is aligned with the magnetic
field, the rotation-magnetic field misalignment is critical
in solving the magnetic braking catastrophe in protostel-
lar disk formation (see review in Li et al. 2014).
The individual PDF of ][B, L] for each model (Fig-
ure 9, top) shows that the relative angle between a core’s
magnetic field and integrated angular momentum de-
pends on the turbulence strength and magnetization level
of the background cloud where the core forms. By look-
ing at models with increasing pre-shock inflow Mach
numbers (M5, M10, M20), we see that the median value
of ][B, L] shifts from small to large angles, which is also
obvious for models with decreasing pre-shock magnetic
field magnitude (B20, B10, B5). This is correlated with
the turbulence level in the post-shock medium where the
cores are formed, which is determined by the existence
of the sub-layer; if the secondary convergent flow in the
post-shock region is strong enough to create the sub-
layer (as the cases of models B20 and M5), cores will
form within this stagnant, dense sheet where magnetic
field plays a more significant role than turbulence. This
relatively quiescent core forming process is similar to the
classic model, which results in nearly-aligned magnetic
field and angular momentum within cores. On the other
hand, in models B5 and M20 there is no sub-layer where
the post-shock gas flow velocities (v′ ∼ 0.1 − 0.2 km/s;
see Equation (10) in Chen et al. 2017) collide and cancel
before dense cores form, and therefore the post-shock gas
momentum is applied directly to dense clumps as turbu-
lence during the core forming process. Since the post-
shock regions in these models are sub-Alfve´nic, the gas
flows near forming cores are likely along the magnetic
field lines; if these anisotropic gas flows are the main
sources of core’s angular momentum, it is not surprising
that ][B, L] is relatively large in these models.
Figure 10 compares the relative angles between L and
a, c with the relative angles between B and L. Interest-
ingly, we find that the distribution of ][L, a] vs. ][B, L]
is concentrated in the upper-right half of the plot, mean-
ing that the angles ][L, a] and ][B, L] cannot both
be small (. 45◦). Correspondingly, the distribution of
][L, c] vs. ][B, L] appears to be a diagonal band from
lower-left to upper-right of the plot, which means that
these two angles might be positively correlated. These
results agree with Figure 6, showing that the average
magnetic fields within dense cores tend to align with the
minor axes.
4.2. Non-rigid-body Rotation
Table 2 lists the average angular velocity Ωring and
the relative rotational energy Erot,ring/Etotal,ring derived
from our ring-fit method described in Section 2.4. Strik-
ingly but not surprisingly, the rotational energy ratio
from our ring-fit method is around a factor of 2 larger
than that measured under the assumption of rigid-body
rotation. Though this does not guarantee that the ring-
fit method is more accurate for measuring core’s angu-
lar momentum (see the discussions in the Appendix),
the fact that Erot/Etotal is only ∼ 10 % in either fitting
method provides strong evidence that rotation is not the
dominant motion within prestellar cores. We provide
further discussion below in Section 5.
5. DISCUSSION: THE ORIGIN OF CORE
ANGULAR MOMENTUM
It has been known that the specific angular momentum
of observed dense cores/clumps are correlated with their
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Fig. 9.— Top: the histograms of the relative angle between the
mean magnetic field B and the integrated angular momentum L,
for all cores formed in different models. Note that the median val-
ues of ][B, L] shifts from small to large angles for model sets M5,
M10B10, M20 (increasing turbulence strength) and B20, M10B10,
B5 (decreasing magnetization level). Bottom: the cumulative dis-
tribution function (CDF) of ][B, L] among all models, which sug-
gests a random distribution (straight-line CDF), or that the core’s
rotational axis is in general misaligned with the mean magnetic
field. The result from the TADPOL survey (Hull et al. 2013, 2014)
is overplotted in both panels (dashed line); note that it is presented
as a step function in the bottom panel, which is purely for illus-
tration purpose and not for quantitative comparison, as the x-axis
scale should not be the same for histogram and step function.
sizes, approximately following a power law, L/M ∝ Rα,
with α ≈ 1.5. This was first reported in Goodman et al.
(1993), and was later confirmed by many follow-up stud-
ies (e.g. Caselli et al. 2002; Pirogov et al. 2003; X. Chen
et al. 2007). Also, these observations suggest that the ra-
tio between rotational energy and gravitational energy,
βE ≡ (L2/(2I))/(qGM2/R) (where q = 3/5 for a uni-
form density sphere; see definition in Goodman et al.
(1993)), is relatively independent of core/clump size.
In Figure 11 we show the L/M vs. R relationship (bot-
tom panel) from several observational studies (Good-
man et al. 1993; Caselli et al. 2002; Pirogov et al. 2003;
X. Chen et al. 2007; Tobin et al. 2011). We compare
to the L/M vs. R relationship in our simulated cores
considering R ≡ 3√a · b · c (i.e. the geometric mean of
the three axes), which follows the same correlation as
the observations. The agreement of the simulations
with observations confirms the positive correlation be-
tween the specific angular momentum and spatial scale
of dense cores/clumps. Also plotted is the rotational-
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Fig. 10.— Scatter plots of relative angle between the net an-
gular momentum L and major (top)/minor (bottom) axes and the
rotation-magnetic field relative angle. The results shown are con-
sistent with a correlation between the magnetic field direction and
the minor axis (see Figure 6).
to-gravitational energy ratio βE (middle panel) as a
function of core radius R for both our simulations and
observations. The independence of core rotational-to-
gravitational energy ratio with core size is also confirmed.
Quantitatively, the range of βE for our simulated cores
agrees with observations.
The fact that L/M ∼ R · vrot ∝ R3/2 suggests that
vrot ∝ R1/2. In combination with the well-known re-
sult that turbulent velocities increase roughly ∝ R1/2
in supersonic turbulence (both in observations and sim-
ulations; see review in McKee & Ostriker 2007), this
suggests that the rotational velocity in cores is inher-
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Fig. 11.— The rotational-to-total kinetic energy ratio (top),
rotational-to-gravitational energy ratio βE (middle) and the spe-
cific angular momentum L/M (bottom) as functions of core/clump
radius, from both observations (see text) and the simulated cores
discussed in this study. The energy ratio distributions are inde-
pendent of core size, while the specific angular momentum appears
to roughly follow a power law of core size, L/M ∝ Rα for α ∼ 1.5,
over more than two orders of magnitude in spatial scales. This
may suggest that the prestellar core acquires angular momentum
from a much larger scale than the immediate surrounding of the
core, or the so-called rotation within dense cores is inherited from
turbulent motions at cloud scales.
ited from the overall turbulent cascade. In addition, the
top panel of Figure 11 shows the rotational-to-kinetic en-
ergy ratio, Erot/EK , as a function of core radius R for
both simulated and observed cores.3 For both simulated
3 To estimate the kinetic energy of observed cores, we used the
total observed linewidths σv within cores reported by the cited
and observed cores, the range of Erot/EK is similar and
independent of R. This suggests that whatever size a
core/clump is, it is sampling from the turbulence at that
corresponding scale in setting its rotation. Though this
rotational energy could be sub-dominant at core scales,
it is essential to subsequent disk formation. Once a star-
disk system forms in the interior (at much smaller scales
than that studied here), the core’s velocity structure (and
angular momentum) may be altered by outflows and/or
other feedback mechanisms (see e.g. Offner & Chaban
2017).
To investigate the accuracy of our estimated core angu-
lar momentum, we ran a set of tests to examine the anal-
ysis method, which is described in the Appendix. These
tests show that the measured Erot/EK ratio within the
core could in principle reflect the relative significance of
turbulence with respect to rigid-body rotation (see Fig-
ure A1, right panels). More importantly, we showed that
for a pure-turbulent core (net angular velocity Ω = 0),
the “projection” of turbulence within it will naturally
lead to Erot/EK ∼ 0.1 (Figure A1, left panels), consis-
tent with the values measured from our simulated cores.
We therefore conclude that rotation is not the dominant
motion within prestellar cores, and the ratio between the
turbulence amplitude σv and maximum rotational speed
(vrot,max ∼ Ω ·Rcore) must be & 1 within prestellar cores.
6. SUMMARY
In this paper, we investigated the > 100 dense cores
formed naturally in the CO15 MHD simulations to ex-
amine the structural, magnetic, and kinetic properties of
prestellar cores with masses Mcore ∼ 0.01 − 5 M and
sizes Rcore ∼ 0.005 − 0.1 pc. We found that our sim-
ulated cores are generally triaxial, unlike the idealized
oblate cores of classical theory. We showed that environ-
mental effect plays an important role in shaping prestel-
lar cores, especially by providing spatial constraints via
ram or magnetic pressure. In addition, the formation
of prestellar cores is strongly affected by gas turbulence,
in the way that cores acquire rotational energy from lo-
cal turbulence, which leads to the misalignment between
magnetic fields and rotational axes within dense cores.
Our main conclusions are as follows:
1. When present, a stagnant sub-layer (see discus-
sions in Chen et al. 2017) in the post-shock re-
gion (Figure 1) is critical in setting up the environ-
ment wherein prestellar cores form. Core forma-
tion within this sub-layer (models M5 and B20) is
more quiescent and more similar to classical theory,
while cores formed without this sub-layer (models
M20 and B5) are more disturbed by local gas tur-
bulence.
2. Cores preferentially have their major axes in the
plane parallel to the shock front (x-y plane; see
Figure 3, left), because the ram pressure of inflow
limits core growth along z. This might help ex-
plain the mass-size relation of dense cores reported
in both numerical (CO15) and observational (Kirk
et al. 2013) studies, M ∝ Rk with k ∼ 2 − 2.5,
because for cores formed within shock-compressed,
observation studies and calculated EK ≈ 3/2 ·Mcoreσv2.
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locally-flat regions core growth is basically two-
dimensional. On the other hand, we find that most
of the cores have both their minor axes and mean
magnetic fields lying in the x-z plane (Figure 3,
middle and right panels) defined by the direction
of inflow and the cloud-scale magnetic field. The
minor axis is rarely along the yˆ direction because
it is difficult for the gas to flow or compress the
magnetic field in this direction.
3. Though cores are generally triaxial (Figure 4, top)
rather than having the oblate shape often adopted
in classical theory, the core-scale magnetic field is
still generally aligned with core’s minor axis and
perpendicular to the major axis (Figure 6). Only
those cores formed under a more perturbed envi-
ronment (without the stagnant sub-layer; models
B5 and M20) can have magnetic field nearly per-
pendicular to their minor axes. However, these
cores also tend to be more prolate (b ∼ c; see Fig-
ure 4, bottom), which means the direction of c is
less meaningful in these cases.
4. The integrated angular momentum vector within
cores does not have a preferred orientation with re-
spect to the core’s three axes (Figure 8), except
being generally perpendicular to the major axis,
which is a mathematical result from the definition
of angular momentum (for cell i at a distance of
ri from the rotational axis, its angular momentum
Li ∝ ri). More importantly, there is no preferred
alignment between the magnetic field and angu-
lar momentum within cores (Figure 9), as reported
in the TADPOL observational survey (Hull et al.
2014) and a follow-up numerical study considering
different viewing angles of two simulated protostel-
lar envelopes (Lee et al. 2017). Since misalignment
between a core’s rotational axis and magnetic field
may be critical in reducing magnetic braking dur-
ing core collapse, this may be important to under-
standing of protostellar disk formation.
5. Our analyses indicate that the commonly-adopted
assumption of rigid-body rotation may underesti-
mate the rotational motion in most dense cores.
We presented a new method of calculating core
angular momentum, the ring-fit (see Sections 2.4
and 4.2), which gives a factor of 2 higher measure-
ment of rotational energy (see Table 2). Our results
also suggest that the measured angular momentum
within cores could simply be from the projection
of ambient turbulence at core scale (see Figure A1)
as previously suggested by Burkert & Bodenheimer
(2000).
6. With our detailed analysis of core-scale kine-
matics, we have revisited the specific angular
momentum−size correlation of dense cores/clumps
reported in many observations (Figure 11, bottom).
Our simulated cores fit with the observational re-
sults well, and extend to smaller spatial scales.
The correlation of L/M with R over two orders of
magnitude in spatial scale suggests that “rotation”
within these cores/clumps shares the same origin
with the velocity scaling consistent with larger-
scale turbulence. We find that the rotational-to-
gravitational energy ratio βE (Figure 11, middle)
and the relative rotational energy Erot/EK ((Fig-
ure 11, top) have similar ranges and are indepen-
dent of scale for both simulated and observed cores.
Taken together, these results suggest that prestel-
lar cores inherit their original angular momentum
from cloud-scale turbulence, which may in part be
driven by feedback (outflows, etc.) from other stars
that formed earlier.
We note that our simulations and analyses only fo-
cus on cores in early (prestellar) evolutionary stages
and therefore do not include effects from stellar feed-
back. There are also various idealizations in our sim-
ulations that could potentially affect our conclusions.
The converging-flow setup intrinsically excludes scales
& Lbox, and therefore cannot capture effects of large-
scale turbulence (including turbulence driven by feed-
back in other nearby stars) in development of core ro-
tation. Also, we assumed uniform magnetic fields in
the initial conditions, and this lack of magnetic field
variation may affect the structure of local turbulence
and hence rotation at core scales. Our results could
also be biased by the limited parameter range (in terms
of magnetic field strength, gas density, inflow velocity,
etc.) investigated in this study. Nevertheless, the con-
nection between core-scale angular momentum and the
immediately-surrounding cloud-scale turbulence is clear
in both our numerical results and previous observations.
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APPENDIX
A. THE SIGNIFICANCE OF INTEGRATED AND RING-FITTED ANGULAR MOMENTA
Here we describe the numerical tests that we conducted to examine our method of measuring angular momentum,
for both the traditional rigid-body fit and our newly-developed ring fit. We constructed an ellipsoid with uniform
density, ρ = 1 in code units, and size a = 20 and b = c = 10 cells. This “core” is assigned a rigid-body angular speed
Ω = 0, 1, or 10 in code units along a, plus a perturbed random velocity field with average amplitude σv ranging from
0.1 to 500 in code units; this leads to a range of rotational speed within the core (vrot,max = 10 for Ω = 1 and 100
for Ω = 10). We then applied the same analysis for cores identified in our full simulations and measure the angular
momentum, rotational energy, and turbulent energy of the core, and compared these values directly to imposed values.
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Fig. A1.— The ratios between rotational energy Erot (top panels) and turbulent energy Eturb (bottom panels) to the total kinetic energy
Etotal inside dense cores. The test cases are turbulent ellipsoidal cores with rigid-body angular speed Ω = 0 (blue dot), 1 (green diamonds),
and 10 (orange crosses). Left panels: energy ratios as functions of the turbulent amplitude (σv) within the core. Right panels: energy ratios
as functions of the relative turbulent amplitude (σv/vrot,max) within the core. For each test model, the theoretical values of Erot/Etotal
and Eturb/Etotal are also shown (dashed lines) as references of the accuracy of the fitted values. The ranges of Erot/Etotal and Eturb/Etotal
measured from simulated prestellar cores (using the ring-fit method) are also overplotted (grey bands).
A.1. The Dependence of Measured Angular Momentum on Turbulent Level
The direct results are shown in the left panel of Figure A1. The Ω = 0 case gives the inherent numerical error
in our measurement of Erot/Etotal, which is ∼ 10 % for both rigid-body and ring-fit methods in this case (we will
discuss the dependence of this numerical error on cell resolution in Section A.2). This error value represents the
minimum of Erot/Etotal ratio that can be correctly measured in this core; in both the Ω = 1 and Ω = 10 cases the
measured Erot/Etotal values are truncated by the numerical error at large σv. Similarly, there is a numerical error for
the Eturb/Etotal ratio (∼ 10−2) at small σv, but only for the ring-fit method (see discussion below).
The results from the two test cases Ω = 1 and Ω = 10 can be combined by plotting against the relative turbulent
amplitude, which is defined as σv/vrot,max (right panel of Figure A1). We clearly see that both energy ratios change
significantly when the turbulent level is around the same value as the maximum rotational speed (σv/vrot,max = 1,
indicated by the vertical lines in both plots). In addition, when the turbulent amplitude is about 5 times higher than
the maximum rotational speed (σv/vrot,max & 5), the measured Erot/Etotal ratios from both fitting methods can only
serve as upper limits on the imposed values.
On the other hand, when the turbulent amplitude is only about 0.1 of the maximum rotational speed (σv/vrot,max .
0.1), the measured Eturb/Etotal ratios from ring fit are truncated by the numerical error and again only serve as upper
limits of the real values. In contrast, the rigid-body fit is not affected by the same truncating value, and has fairly
accurate Eturb/Etotal ratios even beyond σv/vrot,max . 0.01. This is likely because the velocity field within the core
is constructed from rigid-body rotation, and therefore the ring-fit method will not have better performance than the
rigid-body fit, especially when the turbulence amplitude is small (i.e. more comparable with pure rigid-body rotation).
With these results, we can in principle use the Erot/Etotal and Eturb/Etotal values measured from our simulated
prestellar cores to estimate σv/vrot,max in cores. Unfortunately, the range of Erot/Etotal measured in our simulations is
mostly outside the zone where we can precisely estimate the turbulent amplitude (see the shaded regions in Figure A1).
Nevertheless, we note that generally σv/vrot,max & 1 inside prestellar cores (for both our simulated cores and for
observed cores). This suggests that rotation is not the dominant motion within prestellar cores, and the measured
angular momentum is indeed a projection of the turbulent velocity inside cores.
A.2. The Dependence of Measured Angular Momentum on Cell Resolution
The numerical errors in Erot/Etotal and Eturb/Etotal depend on the grid resolution, i.e. number of cells inside the
core. The test case described in Section A.1 has ∼ 8000 cells within the core, which is similar to some of the simulated
cores considered in our main study. We repeated the same process on cores with more (∼ 106, a = 50 and b = c = 40
cells) and less (∼ 1000, a = 10 and b = c = 5 cells; see Figure A2) cells, and the truncating value of the Eturb/Etotal
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Fig. A2.— Same as Figure A1, but with less cells in core.
ratio measured from the ring-fit method is ∼ 10−3 and ∼ 5× 10−2, respectively. Since cores formed in our simulations
have numbers of cells ranging from ∼ 30 to ∼ 40000, the numerical errors for those cores will therefore be similar to
that in the test cases. Even if the error in Eturb/Etotal is slightly worse than ∼ 10−2, it will not affect the conclusions
we draw from this test.
We also compared the ring-fit method with the rigid-body fit based on their performances under different resolution.
From Figures A1 and A2, we found that the accuracy of ring-fit method highly depends on the number of cells within
cores, even though the Erot/Etotal ratios measured from ring-fit method are always higher than that from rigid-body
rotation. At higher resolution (e.g. Figure A1), ring-fitted rotational energy ratio Erot/Etotal follows the theoretical
values better than the rigid-body fit; however, at lower resolution (Figure A2), the ring-fitted energy ratios deviate
further away from the theoretical values (and the deviation happens at smaller turbulent amplitude) than the rigid-
body fit. The numerical error in Erot/Etotal (the truncating value) from ring fit is also much larger than that in
rigid-body fit for less-resolved core. Therefore, we conclude that the ring-fit is more applicable than the rigid-body fit
only in larger (better resolved) cores.
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